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TECHNICAL MEMORANDUM 78129 


PRELIMINARY ASSESSMENT OF THE VACUUM ENVIRONMENT 
IN THE WAKE OF LARGE SPACE VEHICLES 

I. INTRODUCTION 


The era of spaceflight (beginning with the launch of the first satellite in 
the late 1950* s) has yielded a rich harvest in terms of the resultant advances 
in both science and technology. The long distance telephone communication sys- 
tem utilizing satellite relay and the use of satellite weather photographs by 
television meteorologists are but two of the better known examples. Perhaps 
one of the most beneficial and promising aspects of spaceflight is the ability to 
examine phenomena under conditions which cannot be duplicated in a cost-effective 
manner utilizing Earth-based facilities. For example, the field of X-ray astron- 
omy, which needs to be conducted "above” the Earth' s atmosphere, is a product 
of the space age. The discovery of celestial X-ray events has resulted in a 
virtual explosion of theories/ ideas of cosmological importance and may ultimately 
result in a major revision of our present understanding of the laws of the 
universe. 

In a similar vein, the capability to conduct long-duration experiments 
under zero-gravity conditions has resulted in a better understanding of a multi- 
tude of formation and separation processes. In fact, the results of the precursor 
investigations (conducted in the era of Apollo/ Skylab) are so promising that 
follow-on experiments are being planned for the forthcoming era of the Shuttle/ 
Spacelab to see if various materials and biological processes can be commer- 
cially undertaken in space [1] . 

Another unique in situ capability, which has only recently been reported, 
is the generation of the ultrahigh vacuum in the wake region of a space vehicle 
[2 ]. Some calculations examining the environment in the area 
within an actively controlled, ultraclean hemisphere indicate that particle 
densities £l0 3 /cm 3 may be obtainable in this zone [3] . 



This report wilL examine the contaminating fluxes from the ambient 
atmospheric molecules observed in the wake region of presently planned space- 
craft [e.g. , Shuttle, Spacelab, Long Duration Exposure Facility (LDEF)] in 
order to help determine the vacuum levels that may be utilized by an experiment 
mounted on the "lee" portion of the vehicle. It will also discuss in a general 
manner some precursor experiments which could be conducted "relatively 
inexpensively" on these craft and which could help establish the usefulness/ap- 
plicability of using the ultravacuum in the wake of u spacecraft. 

To help evaluate experimental conditions, simplified models will be 
developed which will depict the contribution of various sources to the flux density 
in the wake. These contributions will be evaluated using typical spacecraft 
parameters. To help calculate tire flux densities, a modeL spacecraft which 
approximates large unmanned spacecraft such as LDEF will be used. It is an 
approximately spherical body, with radius = 3 m, traversing tire upper 

atmosphere at velocity V 7. 8 km/s at a nominal altitude of '*-’550 km (Fig. i). 

An experiment utilizing the wake vacuum is mounted on the rear portion of the 
satellite. At 550 km the nominal parameters of the neutral ambient atmosphere 
used in the calculations are: temperature, T ~ 1000 K; density of oxygen, 

O ~ 8 X 10 G /cm 3 ; density of helium, He ~2 X 10 8 /cm 3 ; and density of hydrogen, 

H ~ 5 x ioVcm 3 [4] . In addition, to assess in a semiquantitative fashion the 
fluxes which can strike an experiment mounted in the wake, the experimental 
area will be approximated by a flat plate. 


V n = 7.8 km/s 



Figure 1. Diagram of a spherical model of a satellite traversing 
the ionosphere and having an experiment mounted 
on the wake axis. 
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il. AMBIENT PARTICLES WHICH DIRECTLY STRIKE 
A SURFACE ORIENTED TOWARDS THE WAKE 


The velocity shifted Maxwellian distribution f(v) can be used to evaluate 
that portion of the ambient flux which has a velocity sufficient to overtake a 
spacecraft where 


f(v) - N 


- 2 -' ) 
2irKT/ 


3 /2 

exp 



-V cosO) 2 
o 


+ (V + V 
v 0 o 


sin 6 



dV dV dV 
r 0 <j> 


( 1 ) 


and N = particle density. 

The terms r ,0,0 are polar angles as shown in Figure 2, and the 
remaining symbols have a standard meaning. Based on intuition, one would 
anticipate the flux of particles per unit solid angle ( sin 0 d 0 d</>) to increase as 
the angle increases from the wake to the ram direction. To help assess the 
ability of conical/hemispherical shapes in reducing this contribution to tile 
flux density in the wake, we will first calculate 


flux density (0) = F(0) 



Figure 2. Simplification of the model of Figure 1 where 
the experiment is replaced by a flat disc of radius R^. 
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(The angular relations are given in Figure 2. ) The flux of ambient particles 
coming in for a given 0 at solid angle (sin 0 c\0 d^) is then 


F(5)= /dV / CIV / dV V f(v) 

0 allowable allowable ™ 


Only those particles whose V and V components of velocities are in the range 

0 <p 


TT , ( sin 0 d<p \ „ T „ , / sm 0 d<A 

- V tan I £ V < V tan 1 t 

r \ 2 / 0 r \ 2 / 


V tan — < V 

r \ 2 / 0 


~ V r ta ” (f ) 


can reach the surface from the specified solid angle (sin 0 dO d<p) at angle 0, or 


/ m \ 3/a f f 

r( H N (aSr) J V exp ; 


(V - V cos 0) 


2KT ' r o 


z ldV 

r 


V tan l - 

r \ 2 


L 


-V tan 

r V 2 


„ . / dO 

V tan I — 
r \ 2 


-V tan m 
r V 2 


dV exp 
0 


_J32_ v 2 

2KT (p 


+ (V fl + V o sin-9) 2 ^ 
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Assuming that dO , dp « 1, we can utilize the approximations 


v tan „ y SiaJJiL <s (m. ) 1/2 

r \ 2 / r2 \m / 


V tan ~ V “ « (^) 1/2 

r \ 2 / r 2 \ m / 


and 


V V sin G dO « 
r o 


(®) • 


Then 


F «” ~ N (lit) 


Vi 


mV 2 sin 2 0 


sin 0 dO d 0 exp \ - 


2KT 


00 


I 


V 6 exp 
r 


m 


2KT ' r o 


(V -V cos 0)‘ 

■>* o ' 


dV 


F (0) = N ^ ^ 

o' sin 0 dO dp 


(i^r) exp V 


mV 2 sin 2 0 ’ 


2KT 


/ V r GXP [-iS' (V r- V o COS[ ’ )i 


dV 


( 2 ) 
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Equation (2) can be explicitly solved and an analytic solution for F 

o 

found. However, it was more convenient to solve equation (2) using 
a computer. The results of these calculations are shown in Table 1 for 
three different atmospheric constituents (hydrogen, helium, and oxygen) under 
standard atmospheric conditions at 550 km. 

The results in Table 1 show that the flux F q ( 0) does indeed increase by 

orders of magnitude as Q varies in the range 0 to 90 degrees. Therefore, some 

kind of conical or quasi-splierical shape around the experimental area could be 

used to reduce the direct flux of the ambient atmosphere. However, it is also 

useful to find the flux impinging on a flat plate (Fig. 2) to help assess (in a 

semiquantitative fashion) the influence this direct ambient flux has on the flux 

density seen by a "flat" experiment. This is done utilizing the expression F '(9) = 

o 

F o (d) cos , and the results are presented in Table 2. Similarly, it is of interest 

to calculate the total flux impinging on a flat plate (Fig. 2) . Utilizing the 
expression 


F 

o 


2n 7 r 

f d</> J sin 0 do F (p) 
0 0 0 


and then numerically integrating the results of Table 2, we obtain: 


F (H) ~ 1. 1 x 10 7 /cm 2 s 

F (He) - 10 3 /cm 2 s 
o 


F (O) < 1/cm 2 s . 

Asa check upon the accuracy of some of the approximations mentioned 
previously, we note that the results of this numerical integration are in good 
agreement with the results from the analytic expression 
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which describes the flux to a flat plate oriented toward the wake axis 13] • 


TABLE 1. ELUX OF AMBIENT PABTICLES PER UNIT SOLID ANGLE 


AS A FUNCTION OF ANGLE TO THE WAKE AXIS 0* 



Flux 

Angle 

(degree) 

II 

(cm 2 s) 

He 

(cm 2 s) 

0 

( cm 2 s) 

0 

10 G 

30 

4 x 10" 19 

10 

10° 

30 

4 x 10 -19 

20 

10° 

40 

5 x 10" 19 

30 

1. 5 < 10® 

60 

6 x 10 -19 

40 

2 x I0 G 

80 

10-t8 

50 

3 x 10“ 

1.5 x 10 2 

2 x 10“ 18 

60 

5 x 10 G 

3 x 10 2 

5 x 10“ 18 

70 

9 x 10 G 

7.5 x 10 2 

2 x 10“ J * 7 

30 

2 x 10 7 

2.5 x 10 3 

10" 18 

90 

4 x 10 7 

1, 3 x 10 4 

2 x 10“ 15 

100 

10 s 

10 G 

2 x 10 -13 

110 

3 x 10 8 

10 G 

1. 5 x lO -10 

120 

9 x 10 s 

2 x 10 7 

10 G 

130 

2. 5 x 10 9 

4 x 10 8 

3 x 10 -2 

140 

7 x 10 9 

7 x 10 9 

10 3 

150 

2 x 10 10 

10 11 

3 x 10 7 

160 

3. 5 x 10 1Q 

10 42 

10 11 

170 

5.5 x 10 10 

4 x 10 12 

2 x 10 13 

180 

6 x 10 10 

7 x 10 12 

10 14 


a. The model used assumes an ambient temperature - 1000 K -and 
following ambient densities; O ~ 8 x 10 G / cm'*, He ~ 2 x 10 /cm , 
and II ~ 5 x 10 f /cm 3 . 
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III. INDUCED BACKSCATTERING OF AMBIENT 
PARTI CLES BY SPACECRAFT EMI SSIONS 


To calculate this contribution to the flux density in the wake, we will 
utilize the same geometrical orientation as used in Section II (see Fig, 2). 
Let the flux density of molecules emitted by the spacecraft equal N / 47rr 2 V^,, 

be N (r) , and be independent of 0. The collision rate in volume element dv 
o ' 

between the ambient and emitted particles is equal to 1 

NN (r)/V_ - V /a. dv 
o v T o Ao 


where 


N = ambient density 

V = velocity of ambient particles in spacecraft reference frame 

~7.8km/s 

V » velocity of emitted particles 

cr . = collision cross section 

Ao 

dv = r 2 sin 0 dO d<5 


V » 
o T 


N = spacecraft emission rate (molecules/ s) . 
o 


The number of ambient particles that scatter back to the surface is F , where 


\ s/ c 

F m (r,0,t) = N N o (r) V, (^) ^ r’ sin 0 d» # 


A cos. 0 

v2 


1. For this model a cold beam flow is assumed, where all the ambient molecules 

have initial velocities p, vallel to the wake axis. 
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A = 7rR 2 
o 


» 


and 



is the differential cross section (a- . times the probability the ambient particle 

AO 

will be scattered into unit solid angle in direction tt ~ fl) . The foregoing equation 
can be integrated over r to yield 


V w) 


N N V 


O 0 

4*V t 



s/ c 

A sin 0 cos 

7 r-0 


CO 


0 do d<f> f 

rj(0) 


d 


r 



where r t (0) is the distance behind the body at which the ambient density again 
becomes significant; i. e. , 


rj(o) ~ r / sin Q 
or 


N N V A 
T o 



sin 2 0 cos 0 d <p do 


The term 



s/c 

7 T-0 
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can best be evaluated by transformation to the center of mass ( c. m. ) system. 

Since V » V. we find 
o T 

V m 

T y O O 


c. m. m + m 
o a 


V ~ V - V 

o,c. m. o c.m. 


where m & = mass of emitted particle, m^ = mass of ambient particle, and after 
collision 


2 

y* 

o,c. m. 


rsj 


m (V -V )' 
o o c.m. 


+ m (V 2 ) - 2Q 

a c.m. 



where Q is the translational energy loss in the collision. Also in the c.m. 
system, assuming a hard sphere model for the collision, 

\dS2/ 0* 4 tt 


The differential cross section in the c. m. is related to that in the spacecraft 
reference frame by 



sin 0* dO* 
sin 0 d0 
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where we are assuming an isotropic scattering in the c.xn. system. It can be 
similarly shown using Figure 3 that 


M* -M 1 12 SO- 

1 f /l - p 2 sin 2 0 ; 


and 


sin 0 * = sin 0) n/ 1 - j3 2 sin 2 0 - j3 cos 0 


or 


N N Vao 

= '(47°2v“r° sin 0 d0 d0 


where 


/3 = V /V* 

c.m. o, c.m. 


/3 = 


m 


1 V'a 


1 + 


m 


a 


' V o._V + m a 2Q 


, v 


c.m. 


m m V 2 
o o c. in. 


and 


G(0) = sin 0 cos Oil - ~ p~ ~ °^ : ; 1 Wl - J3 2 sin 2 0 - /3 cos 0 

1 Nfl - fl 2 sin 2 O/l 
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v 0/ cm 



Figure 3. Diagram of appropriate velocity vectors and 
angles in a transformation from the c. m. to the 
spacecraft reference frames. 


From the energetics of the collision it is obvious that scattered ambient particles 

cannot reach the wake surface unless V* >V (i.e.,0<l). 2 For the 

o,c.m. c.m. 

case of elastic collisions, is minimized (i. e. , Q = 0) and becomes 



a 


Emissions from a spacecraft are usually IJ 2 0, N 2 , and 0 2 , and we will assume a 


a 

24 AMU. 

This yields 

fijj 

0.042 

m 

= 1 AMU 

H 


0 


/3 

= 0.167 

m 

= 4 AMU 

He 


0 


A 

= 0.75 

m 

0 

= 16 AMU 


In a similar manner as Section H, we will calculate F 

i. e. , 


IB 


(fl) per unit solid angle; 




sin 0 d0 d(p 


r>o 


NN V v A 
o Ao 

W v t R o 


G(0) 


2. For the outgassing molecules /3 is always greater than 1; consequently, for 
this model which assumes a cold particle flow, these molecules cannot be 
scattered upstream. n 



where N is calculated for atmosphere at 550 km, cr 

+12 


3 x l(T lb cm 2 , and 


Ao 


N = n4irR , R = 3 m. n= ~10 molecules/ cm 2 s which is estimated to 
0 00 

be the emissions of unmanned spacecraft after days in orbit [ 5] . The results 
of these calculations are listed in Table 3. 


It can be seen that unlike the flux densities calculated in Section II, the 
oxygen contribution is significant. The oxygen flux densities also vary approxi- 
mately a factor of 10 over range of angles compared to the factor 2-3 for 
hydrogen and helium in Table 3. 


The results in Table 3 can be integrated over the solid angle to yield 
the total flux impingement on the flat plate. The results are: 


F^I-I ~ 10 5 / cm 2 s 

File - 3 x 10 s / cm 2 s 
IB 

F^O ~ 3 X 10 s / cm 2 s 


It should be remembered that the estimates assume a worst case, i. e. , 
completely elastic collisions (Q = 0) . If the energy loss for O colliding with 
I-I 2 0 is more than 11 percent (more than 43 percent for O colliding with N 2 ) , 

/? > 1 and no backscatter is possible. Since the energies available are more 
than sufficient to excite both rotational and vibrational states, some loss of 
translational energy is sure to occur. How much is difficult to estimate. In 
addition, this is a single collision model. For the parameter values discussed 
in this report, the mean free path of a spacecraft-emitted particle is ~20 Ian, 
while less than 0. 01 percent of the ambient moLecules will collide with a space- 
craft emission. 

Since the backscattei’ed flux is roughly ~ 1/r, we could expect that only 
those collisions which occur within 100 m of the body are significant. Given a 
mean free path of ~20 km, it could be anticipated that multiple collisions would 
not be a factor in calculating the flux of backscattered particles. However, at the 
lower altitudes where the ambient density has greatly increased, the mean free 
path of the spacecraft emissions can be reduced to tens of meters, ancl the results 
of this model should be reevaluated to account for multiple collisions. 

3. This value for cr^ o for oxygen interacting with the spacecraft emissions was 

determined for a water molecule. The cross section for water was calculated 
using the density of water ~1 gm/cm 3 and the number of molecules/gm. 
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TABLE 3. FLUX OF BACKSCATTERED AMBIENT PER UNIT SOLID ANGLE 
AS A FUNCTION OF ANGLE (o) TO THE AXIS FOR A FLAT PLATE 


d 

S3 

I 
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calculations include the cos 0 factor of flux to a flat surface. 














IV. SELF- SCATTERING OF SPACECRAFT EMISSIONS 


In this section we are interested in calculating the return flux of the 
emissions to the spacecraft because of self- scattering of the emission cloud. 

We will assume a stationary sphere uniformly outgassing via a Lambertian 
pattern at rate p in a vacuum. The flux of molecules per unit solid angle leaving 
the surface seen at a point r' and angle y from the normal of clA is 


dF 


n dA cos y 
it r' 2 2 


The density contribution from the circular element ( Fig. 4) is 


dN 


dF 

v 


/V 


*JL 


cos y 27 r sin a do 1 
7r v r' 2 2 


where 




Figure 4. Geometry relating to self-scattering of 
spacecraft emissions. 

The total density at r is then 


N(r) 


= & 
v 


a 


ij2.ro 

V j 
0 


cos y sin cv dev 
(r'/a) 2 
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where at Q is determined from the solid angle of the sphere as seen at r. We 
know that 


r' _ sin a _ sin (y - 0) 
a ~ sin 0 sin 0 


sin y cos 0 


sin 0 


cos y 


« - T ; 


sin y = £ sin 0 


— - £ cos 6 - cos y 
a * 


1 / 

cos y = (1 - £ 2 sin 2 0 ) 2 


da- = dy- do = (a^^-ijdo 
V cos y J 


r’j d 0 
a / cos y 


Therefore, the integral becomes 


JL. / Y * \ 

„ Q! cos y 1 — ) sin 0 l — Jdo 0 

2’nro ' \ a / \ a / 2ri ro . „ 

= - 1 7 — rr? - - smfl do 




where 



or 


N(r) = ^ (1 - cos 0 Q ) 
Note that as £ » 1, 





which is the accepted equation to describe the density due to flux emission by a 
distant body. 


To model the dynamics of the self-collision process, we will assume 
identical particles emitted at identical velocities v and that for every collision 
occurring at r, the velocity v(r) of the center of mass of the collision is aver- 
age velocity of the emitted particles along' the radial direction. 


Utilizing Figure 1, we find 
0 


v cos 0 sin 0 d 0 


v(r) = 


r(f) 

0 v ' 

f ° ^ -Tp- j sin 0 d 0 


sin 2 0 

v 0 

2 (l - cos 0 ) 
o 1 


Note that as r 


= a ( 1 + cos o o ) = 

— w , £ — ® and v 
’ s r 



( x 



In modeling the dynamics of the collision in the c. m. , it seems most 
appropriate to consider the c.m. rms velocity of the particles; i.e. , 
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— ( 1 + cos 0 ) 

V o' 


1V2 



The collision rate in an element of volmne at r can best be determined by utilizing 
the rms velocity in the c.m. Each particle will make ~crN(r) v* collisions per 
unit time, or the total number of scattering collisions is N 2 (r) cr v* . 

Asstuning the scattering is isotropic in the c.m. system and utilizing the 
same equations as developed in the previous section for the transformation from 
the c.m. to the spacecraft reference frame, we find the incremental flux striking 
the sphere at dA(o) 


dF = dAS(O) L 1 .^ sh f 0+ "^ccs 2 C 

SS l ■Jl-fsirf'o 

where in this instance 


v 



and dAS(fl) is the incremental solid angle subtended by cIA as seen at r; therefore. 


% 


- 2 pcos 0 


dAS (0) = 2 7r sin 0 dO 


or 



°o ( 

dF (r) - 2 ,/ ^ S | n 2'„ + 

ss 0 4lr l ^ 1 - /J 2 sin 2 £3 


— - 2 (i cos 0 > sin 0 d £? 


N 2 (r) g v 


. ,1-/3 sin 2 0 - cos 0 'V 1 - d 2 sin 2 0 

2^o o^o 


Therefore, the total return flux from a solid shell dr at r from the sphere is 
dF g N . Z . (r)cr v 4 ^r 2 dr 

co v * n ' 


ss 


where 


H(0 , 0 ) = 1 - jS sin 2 0 - cos 0 V 1 - 0 sin 2 


o 


or the total return flux to the sphere is 


/ CO 

d F 

ss 

a 


Transforming to 0 coordinates, 
o 


r - — 


sin 0 


dr = 


- a cos 0 d o 
0 o 

sin 2 0 


or 
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F 


ss 


n / 2 /o \2 f 

= / 2rrcr(^ I j v (l - cos 0 Q ) 2 j 1 - 


(1+ cos 0) 2 1 /a 


a 


sin 2 0 


where 


cos 0 d 0 
o o 

sin 2 0 




P ‘ i( o o ) 


The point at which /?= 1 is the coordinate beyond which no backs catter can occur, 
or 


0 = 


f 1 + cos 0 ) 
' o 


( 1 + cos 0 ) 2 \ ^ 
2 \ 1 - : — ) 


< 1 


, sin 4 0 + ( 1 + cos 0 ) z ( 1 - cos 0 ) ‘ 
1_ o v o' v o_ 

4 (1 - cos 0 ) 2 

o' 


< 1 


sin 0 


(l - cos 0 ) 
\ o' 


- < 2 


cos 0 < n/1T - 1 ~ 0 . 414 

o 

90° s 0 S — 1>5- 5° 
o 


Therefore, the backscatter flux per unit area striking the sphere is (note that 
E - a in our notation) 
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A 


FT 


ss 4 t ) a 


F 2 crifE 

ss , -x 


- oi 


90 c 


V 2 


X = J ( ! " °os 0) : 
<^65.5° 


fr. to-fl! ) (aa^) ( h (M ) 


10 ' 


Utilizing the same values for the parameters as developed in the previous section, 
we find 


FT ~ a x 10 5 / cm 2 s 
ss 

This flux is sufficiently less than those calculated in the previous section that it 
will be neglected in comparisons. 


V. FLUXES IN THE WAKE REGION DUE 
TO OTHER PHENOMENA 


The direct emission/outgassing of molecules into the experimental area 
by the surrounding surfaces is one of the more important contributions to the 
flux density. As mentioned previously, an outgassing rate of 10 12 molecules/ 
cm 2 s is assumed typical of spacecraft surfaces. However, a flux of 10 12 /cm 2 s 
is most typical of the outgassing rate of cured spacecraft paint or metals that 
have just been placed in a high vacuum system. An outgassing rate of from 0. 2 
to 4 X 10 7 molecules/cm 2 s appears to be obtainable with some metals that have 
been vacuum outgassed for 20 h at 100°C [6,7] (a temperature that can be 
reached on the spacecraft surface during the sunlight portions of the orbit). In 
addition, the process of vacuum degassing may substantially lower the "intrinsic" 
outgassing rate of metals. For example, the outgassing rate of a sample of 
stainless steel was lowered from ~3 x 10 B molecules/cm 2 s to 3 X 10 6 molecules/ 
cm 2 s by this technique [8]. Therefore, after an "in situ" bake out, it may be 
possible to obtain fluxes due to metal outgassing of ~i0 7 /cni 2 s striking crucial 
components (e.g. , substrates) of the experiment. This flux level may be addi- 
tionally lowered by designing the apparatus so that items such as substrates are 
oriented toward the open aft end and only view a limited portion of the equip- 
ment/shield. 

One of the areas about which very little is known is the influence of 
charging phenomena attracting the ambient ions onto a surface oriented toward 
the wake. A metal satellite Lody will typically charge up to approximately 
-IV in an ionospheric orbit. This charging coupled with the generation of 

vx B forces as the spacecraft traverses l'~o Earth's geomagnetic field could 
result in potentials of approximately several volts on the satellite surface at 
specific portions of the orbit. Since the average energy of an ambient oxygen 
ion (in the spacecraft reference frame) is approximately 5 eV, this surface 
potential may be sufficient to deflect the ambient ions into the experimental area 
in the wake [9]. Additional work will have to be done to quantitatively assess 
the contributions to the flux in the wake from this phenomenon. 

Another area of potential flux involved the emission of relatively large 
amounts of material during a melting distillation experiment. Depending upon 
the experiment envisioned, one could expect emission rates of from 10 1G to 10 20 
particles/s. Utilizing the results developed in Section in, this may result in 
backscattering unacceptably large fluxes of ambient molecules into the experi- 
mental area. However, it should be noted that if the experiment utilizes a 
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source containing a low mass species such as boron, this bac Scattering flux is 
substantially reduced because an ambient oxygen cannot scatter directly into 
the wake surface with only one collision with a low mass particle. 

Finally, the heat load occurring during the performance of an experi- 
ment will have to be distributed so as not to cause excessive outgassing of the 
experimental components. For the purpose of this report, we will assume that 
this can be accomplished in a straightforward manner by using good design and 
fabrication techniques. However, detailed measurements should be made to 
assess the effects of the heat load of various candidate experiments on the 
vacuum levels of the shield. 


24 



VI. DISCUSSION 


Based on the preliminary modeling described in the previous sections, 
the following tentative conclusions can be made regarding the contaminating 
fluxes impinging upon an experimental area placed in the wake zone of a satellite: 

a. The hydrogen flux due to the direct ambient, which has sufficient 
velocity to overtake the space vehicle from the back, appears to be orders of 
magnitude greater than that backscattered. It would, therefore, appear that the 
atomic hydrogen in the wake can be calculated from local geophysical conditions 
and may be independent of spacecraft emission characteristics. 

b. The backscattered ambient oxygen and helium fluxes, on the other 
hand, are substantially greater than the respective direct ambient fluxes. 
Therefore, it appears that the spacecraft emission characteristics and geome- 
tries can be a significant factor in determining the flux to an experiment located 
in the wake. 

The fluxes to the experimental area of the direct ambient hydrogen and 
backscattered helium and oxygen were calculated to be ~ 10 7 /cm 2 s for the 
conditions mentioned previously. In addition. Section V discusses the possi- 
bility of conducting an experiment in the wake so that the critical components of 
the apparatus see a flux ~ 10 7 /cm 2 s due to material outgassing. Therefore, it 
appears that 10 7 /cm 2 s may represent a lower limit to the flux level striking 
critical portions of the apparatus during a wake experiment. 

It is interesting to compare the value of 10 7 /cm 2 s to flux levels which 
may be desired by potential experiments that have been suggested as benefiting 
from the wake environment. A key operation of several of the experiments 
(e.g. , solar cell production and metal purification) is the physical vapor deposi- 
tion of source material onto a substrate. Under certain optimal conditions it 
may be possible to obtain rapid deposition rates of ~ i Opm /min buildup of 
full-density material on the substrate [i0]. This rate is equivalent to a flux 
of ~ 10 13 source atoms/cm 2 s on the substrate. Therefore, a contaminating 
flux of 10 7 /cm 2 s would mean an impurity level of 1 part in 10 11 due to inter- 
action of the experiment with the environment. 

The modeling done in Sections II and in is based on parameters associ- 
ated with large unmanned spacecraft of the LD13F class. We would also like to 
calculate the fluxes which may be obtainable in the wake region behind large 
manned spacecraft (e.g. , the Shuttle). Based upon the contamination require- 
ment specification of the Shuttle, one could anticipate column densities of 
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approxiwintely 3X 10 13 /cm 2 of N 2 , 0 2 , and H 2 0 above the Shuttle. This is 
equivalent to leakage/outgassing rates of approximately 3 X 10 15 /cm 2 s from 
the cabin/surface. Utilizing the equations/model developed in Section II, this 
will result in baekscatter oxygen and helium fluxes of approximately 3 X 1 0 10 / 
cm 2 s to the experimental area. A backscattered flux of 3 X l() 10 /cm 2 s would 
result in an impurity level of 30 ppb for the example experiment discussed pre- 
viously. This value of 3 X 10 10 /cm 2 s does not take into account factors such as 
the following which may reduce the value: 

a. The inelastic scattering contribution to o^ q may be substantial given 

the molecular nature of the spacecraft emitted particles which are predominately 
N 2 , 0 2j and l-I 2 0. 

b. The experiments could be performed on a surface held in an appro- 
priate orientation at the end of the Shuttle remote manipulator unit (RMU). ‘The 
15 m length of the RMU would remove the disc from the immediate vicinity of 
tlie Shuttle, reducing the number of molecules that could baekscatter onto the 
experiment. 

c. Utilizing a portion of the Shuttle where the outgassing rate is not as 

severe. 

Therefore, meaningful experiments utilizing the wake vacuum may be performed 
from the Shuttle under appropriate operating conditions which may include having 
the Shuttle in a gravity gradient stabilized mode to inhibit thruster firings during 
the experiment. 

It should be noted that the order of magnitude ( ~10 7 ) of the fluxes cal- 
culated in this report for the wake region of unmanned spacecraft is roughly 
equivalent to those calculated to be present within a hemispherical shield. Ob- 
viously the geometrical shape of the wake shield does have the advantage of 
blocking some of both the direct and backscattered ambient particles from 
striking the working area in the center of the hemisphere. This can be deduced 
easily by observing the angular dependence of the fluxes presented in Tables 1 
to 3. This may be an important consideration in utilizing the shield for certain 
classes of experiments. However, any type of quasi-sphorical or conical shield 
does have two inherent limitations: (a) the experimental area will be subject 
to additional fluxes coming from the outgassing of the sides of the shield, and 
(b) the less than 2 tt angle seen by an experiment in the shield implies a reduction 
in the inherent pumping speed of the space vacuum. 
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These Limitations would be reduced when the experimental shield is 
opened, tending to the ultimate limit of a "flat" plate. However, the fluxes of 
direct and backscattered ambient particles are greater to a flat arrangement 
than to a hemisphere. The calculations developed in Sections II and III show 
that these flaxes can be of a sufficiently low level that meaningful experiments 
may be conducted on clean spacecraft. 

Therefore, it appears that demonstration/precursor experiments can be 
initially conducted on presently planned space vehicles. In addition, it may be 
optimum to conduct the experiments on unmanned satellites. The LDEF series, 
for example, allows months of baking/outgassing in orbit before conducting the 
experiments which could be performed immediately before the LDEF is retrieved 
by the Shuttle. In addition, in its gravity gradient stabilized mode the LDEF 
orientation is such that the same surface always points into the wake. However, 
it should be noted that these precursor experiments might also be performed on 
manned space vehicles such as the Shuttle, although in this instance some 
restrictions would have to be placed on the operating conditions during the con- 
duct of the experiment to obtain a sufficiently clean environment around ihe 
Shuttle. 
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VII. CONCLUSIONS 


The models derived in this report indicate that an experiment situated 
in the wake region of an unmanned spacecraft can see flux levels of ~ 10 7 /cm 2 s 
of H, He, and O due to the interaction between the spacecraft and the ambient 
atmosphere. For comparison, a flux of 10 7 /cm 2 s {0 at 300°K) striking a 
surface corresponds to a pressure of ~ 2 X lO -14 torr on the ground. The flux 
levels were obtained utilizing a model (3 m radius sphere) vehicle at an altitude 
of 550 1cm and having an emission rate of ~ 10 12 /cm 2 s. 

After a mild bake similar to that which is naturally achieved in orbit, 
it may be possible to obtain fluxes ~ 10 7 /cm 2 s which are due to material out- 
gassing and which strike critical experimental components. For components 
such as substrates, an orientation toward the open end of the shield may serve 
to reduce this flux. Therefore, it may be possible to obtain molecular fluxes 
~ 10 7 /em 2 s in an experimental area placed on the wake portion of a satellite. 
(One of the prerequisites would be having the wake experiment exposed and de- 
gassed iri the space environment for a sufficiently long time that the fluxes from 
the experimental apparatus do not significantly degrade the wake vacuum. ) 

Similar calculations were made for a model having a large amount of 
surface emission (e. g. , the Shuttle). Under this condition, the vacuum en- 
vironment is seriously degraded with a calculated flux of ~ 3 X 10 10 /cm 2 s 
striking a surface normal to the wake axis. 

The possibility of achieving such a high vacuum in the wake of presently 
available spacecraft would suggest an approach of doing simple investigative/ 
precursor experiments on these vehicles. The results of these experiments 
would then be evaluated to assess the influence of various experimental param- 
eters (such as the orbital altitude and the size/ geometry of the shield) in 
designing a more permanent vacuum facility from which to conduct complex, 
ultrahigh vacuum experiments. 
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